Two cores from the southern South China Sea contain discrete ash layers that mainly consist of rhyolithic glass shards. On the basis of the SPECMAP time scale, the ash layers were dated to ca. 74 ka, the age of the youngest Toba eruption in northern Sumatra. This link is supported by the chemical composition of the glass, which is distinct from volcanic glass supplied from the Philippines and the northern South China Sea, but is almost identical with the chemistry of the Toba ash. The youngest Toba ash layers in the South China Sea expand the previously known ash-fall zone over more than 1800 km to the east. The dispersal of ashes from Sumatra in both western and eastern directions indicates two contrasting wind directions and suggests that (1) the Toba eruption probably happened during the Southeast Asian summer monsoon season, and (2) the volume of erupted magma was larger than previously interpreted.
INTRODUCTION
The youngest Toba eruption, ca. 74 ka, is considered to be the largest eruption of the late Pleistocene (Chesner et al., 1991) , the impact of which on global climate has been discussed (Rampino, 1993; Rampino and Self, 1992; Kerr, 1996) . Until now, silicic ash layers and dispersed glass shards from the eruption of the Toba caldera in northern Sumatra have been reported from Malaysia, the northeastern Indian Ocean (Ninkovich, 1979; Ninkovich et al., 1978; Dehn et al., 1991; Pattan et al., 1999) , the Indian subcontinent (Shane et al., 1995; Westgate et al., 1998) , and the Arabian Sea (Schulz et al., 1998) , i.e., only from areas west of the Toba caldera on Sumatra, except for one occurrence in Malaysia (Fig. 1 ). Here we report newly discovered ash layers in sediment cores 17961-2 and 17962-4 in the southern South China Sea; these ash layers are identified as youngest Toba ash by stratigraphic and geochemical analyses. These new Toba ash falls occur more than 1800 km east of the eruption caldera and may imply contrasting wind directions during the time of eruption.
REGIONAL SETTING
Sediment samples for this study are from gravity core 17961-2 (08°30.4′N, 112°19.9′E, 1968 m water depth) and piston core 17962-4 (07°10.9′N, 112°04.9′E, 1969 m water depth; Fig. 1 ), both retrieved from elevated sites in the southern part of the Dangerous Grounds during the RV Sonne-95 cruise (Sarnthein et al., 1994) . In harmony with the geomorphology, the parasound profiles across these sites (Sarnthein et al., 1994) reveal a clear hemipelagic sediment drape, devoid of any traces of turbidite injections. In this region, the hemipelagic terrigenous sediment is mainly derived from the Mekong discharge during sealevel highstands and from the Sunda Shelf during sea-level lowstands (Wang et al., 1999) . Sedimentation rates for core 17961-2 range from 7 cm/k.y. during the Holocene to 11 cm/k.y. during glacial and semiglacial times (oxygen isotope stages 2-4) (Wang et al., 1999) .
SAMPLES AND METHODS
In both sediment cores the ash layers were first recorded as outstanding magnetic-susceptibility spikes (Sarnthein et al., 1994) . Their similar sequence and amplitudes allowed a clear stratigraphic correlation of the ash layers between the two cores.
In core 17961-2, the 2.5-cm-thick, light grayish ash layer occurs at 781-783.5 cm depth, with a sharp lower and a slightly undulating upper boundary; there is no further impact of bioturbational mixing. A similar, 3.5-cm-thick, light grayish ash layer is found in core 17962-4 at 1075.5-1079 cm. Its basal contact on the host sediment is sharp, and its top is slightly undulating. On the basis of (1) this visual inspection, (2) almost identical magnetic susceptibility curves, and (3) the spatial proximity of the two sites, the ash layers in the two cores most probably have the same age and origin.
Ash samples from both cores were wet sieved over a 63 µm mesh sieve and dry sieved over a 150 µm mesh sieve. Both grain-size fractions consist almost entirely of glass shards. The ash particles were cast in epoxy resin, cut, and polished to expose their interior.
Analyses of major oxides were made at the Institut für Geowissenschaften, Kiel University, with a Cameca CAMEBAX electron-beam microprobe, using an accelerating voltage of 14-15 kV and an electron-beam current of 15 nA, with the beam defocused to 6 µm width.
Microprobe analyses were focused on the center of individual, fresh, glass shards with well-exposed interiors. We analyzed 20 glass shards from the ash layer in core 17961-2 and 18 glass shards from the ash in core 17962-4. Each individual grain was analyzed at least twice, but most grains were analyzed three times for calculating the means. Analytical totals range between 94 and 98 wt%; the balance consists of elements not analyzed and H 2 O from secondary hydration.
AGE CONTROL
In core 17961-2, the age control is based on the 10-cm-spaced benthic and planktonic δ 18 O records of Wang et al. (1999) , which closely parallel our ultrahigh-resolution (0.35 mm) colorscan curve (Fig. 2) . Here the ash layer forms a well-defined light color excursion at 781-783.5 cm depth, right at the oxygen isotope stage 4-5 boundary. According to the SPECMAP-based age model of Wang et al. (1999) , the ash was dated to ca. 74 ka. This age matches previous age estimates for the Toba eruption, deduced from various dating methods such as 40 K/ 40 Ar dating (73 500 ± 3000 yr B.P.; Ninkovich et al., 1978) , 39 Ar/ 40 Ar dating (73 000 ± 4000 yr B.P.; Chesner et al., 1991) , SPECMAP orbital dating of other core records (73 910 ± 2590 yr B.P.; Rampino and Self, 1992) and especially from geomagnetic polarity records (75 000 yr B.P.; Westgate et al., 1998) and fission-track dating of glass shards (79 000 ± 8000 yr B.P.; Westgate et al., 1998) .
In core 17962-4, the age control is solely based on the intercore stratigraphic correlation of the magnetic susceptibility records.
A similar ash layer has also been identified slightly farther east, in Ocean Drilling Program Site 1143, Hole A (Leg 184 Shipboard Scientific Party); according to a correlation based on magnetic susceptibility and color-reflectance records, it occurs at the same stratigraphic position as the Toba ash in our cores.
MICROSCOPIC DESCRIPTION OF ASH COMPOSITION
Under the microscope, the composition of the ash layers in cores 17961-2 and 17962-4 is almost identical. The grains consist almost entirely of colorless glass shards and only minute amounts of mineral grains such as biotite and feldspar. The glass shards are optically isotropic and thin walled; they have a platy shape (Fig. 3) . Bubblewall-shard forms dominate; blocky forms are rare. Colored (i.e., brown) volcanic glass shards are absent. The glass appears fresh and without any alteration. Maximum grain sizes of the shards reach 500 µm; average grain sizes are about 100 µm.
GEOCHEMISTRY OF THE GLASS SHARDS
The glass shards have the composition of highsilica rhyolites; their SiO 2 contents are 75-78 wt%, and they have high alkali averages of 7.4 -7.6 wt%. They show very little variation both within and between samples. The chemical composition of the shards from the ash layers in both cores is nearly identical (Table 1 ) and supports the assumption of an identical origin.
DISCUSSION
Two different volcanic regions qualify as potential source areas for the ash layers in the southern South China Sea, the Philippine Archipelago, more than 1000 km to the east, and the western Indonesian islands, about 1600-1800 km to the west.
Modern volcanic glass from Mount Pinatubo on the Philippines (Wiesner et al., 1995; Luhr and Melson, 1996; Pallister et al., 1992) and from Pleistocene ash layers (oxygen isotope stages 2 and 4, 26-42 ka, 61-64 ka, respectively; Chen and Zhou, 1992) in deep-sea cores from the northern South China Sea of unknown, but probably also Philippine or Taiwanese origin, were analyzed by microprobe. Their chemistry clearly differs from that of the ash layers in cores 17961-2 and 17962-4 (Fig. 4) higher CaO and lower SiO 2 contents (Fig. 4A) than the ashes from our cores.
Furthermore, the glass particles from cores 17961-2 and 17962-4 display much higher K 2 O contents (Fig. 4B) . The other ashes from the northern South China Sea show even greater differences in the CaO content (Fig. 4A ) as well as in K 2 O concentrations (Fig. 4B ) and decidedly lower SiO 2 values. Because of these differences, the ashes in cores 17961-2 and 17962-4 can not be assigned a Philippine origin.
The ash layers in cores 17961-2 and 17962-4 are coeval with the Toba eruption on northern Sumatra, Indonesia, at the oxygen isotope stage 4-5 boundary. Likewise, the chemical composition of the glass shards from the South China Sea (Fig. 5) closely matches the published data for volcanic glass from the latest Toba eruption, sampled from the Toba caldera (Westgate et al., 1998) , the coeval Toba ash layer A at Ocean Drilling Program Site 758 (Westgate et al., 1998; Dehn et al., 1991) , and at various sites in the eastern and central Indian Ocean (Rose and Chesner, 1990; Pattan et al., 1999) and the Arabian Sea off Pakistan (Schulz et al., 1998) . This striking similarity applies to the Na, K, Fe, and (high) SiO 2 contents (Fig. 5) . Minor deficits in Na 2 O and K 2 O are insignificant, because they are probably linked to differences in the analytical procedures and instrumental facilities used. For example, Na 2 O values that are slightly lower than other published data may result from Na volatilization under the electron beam, a depletion that in turn produces a minor enrichment in SiO 2 and FeO.
In summary, both the age and chemistry confirm the youngest Toba eruption as the most likely origin of the ash layers in our two South China Sea cores. Rose and Chesner (1990) calculated a magma volume of more than 2800 km 3 for the Toba eruption, including a volume of 800 km 3 of massive ash falls covering 1% of the Earth's surface. The Toba caldera does not provide any evidence of the corresponding high-reaching (+45 km) Plinian eruption column during that time (Rose and Chesner, 1987; Chesner, 1998) . However, the Toba eruption cloud may still have reached heights well above the tropical troposphere (Rampino and Self, 1992) and even higher stratospheric levels of 32-40 km through extreme temperature-induced buoyancy (Woods and Wohletz, 1991) .
For this youngest Toba eruption, Ledbetter and Sparks (1979) estimated a total duration of 9-14 days. This interval may have occurred either during winter or during summer. Today the climate of the tropics in Southeast Asia is governed by a semiannual circulation change. In the lower troposphere, we encounter a circulation change from a northeasterly flow in winter to westerly to southwesterly winds over the Indian Ocean (Krishnamurti, 1987) and the South China Sea during summer monsoon (Kalnay et al., 1996; Shaw and Chao, 1994) . At the time of its onset, the westerly jet stream in the upper troposphere abruptly retreats to a location north of the Himalayas while an easterly jet stream is established over the Indian Ocean (Dümenil and Bauer, 1998) . This so-called tropical easterly jet has its strongest wind velocities between 200 and 100 hPa in the region of 5 to 20°N (Dümenil and Bauer, 1998) .
Most Toba ash deposits hitherto known occur to the west and northwest of Sumatra. ODP 758 (Dehn et al., 1991 , Westgate et al., 1998 Indian Ocean (Schulz et al., 1998 , Pattan et al., 1999 , Rose and Chesner, 1990 Serdang, Malaysia, Youngest Toba Tuff (Westgate et al., 1998 , Shane et al., 1995 Toba caldera, Youngest Toba Tuff (Westgate et al., 1998) 
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are linked to the prevailing jet stream over the region (Schulz et al., 1998) during summer, but not to the winter-monsoon wind, which blows in the opposite direction. This scenario is now enlarged and supplemented twice by our findings about the abundant Toba ash that has also been spread far east, into the South China Sea. On the one hand, the previous estimates of the erupted ash volume must be enlarged significantly, perhaps doubled. On the other hand, the eastward spreading of the ash cloud into the South China Sea requires westerly and/or southwesterly winds that only occur during the summer monsoon. Hence, a major eruption with ash production must have occurred during the Northern Hemisphere summer, in support of the outlined jetstream regime inferred from the Toba ash sites in the Gulf of Bengal and off Pakistan (Fig. 1) .
In summary, we suggest that at the oxygen isotope stage 4-5 boundary upper tropospheric easterly winds spread Toba ash particles from a highreaching eruption cloud across the Indian Ocean. At the same time mid-to low-level tropospheric southwesterly summer monsoon winds transported ash from both the lower parts of the eruption column and coignimbrite clouds eastward over the Sunda Shelf into the South China Sea.
On the basis of the correlation of Zielinsky et al. (1996) , the youngest Toba eruption may have been within the onset of the 1000 yr cold spell prior to Dansgaard-Oeschger event 19. An approximate doubling of the volume of the Toba eruption as suggested by our new findings may be in support of its potential catastrophic influence on climate change at the onset of the oxygen isotope stage 4 glacial. However, in line with Kerr (1996) , this conclusion is not mandatory, because a similar cold spell also preceded Dansgaard-Oeschger event 20, here without a Toba-style eruption, and because the subsequent Dansgaard-Oeschger interstadial 19 was as warm as Dangaard-Oeschger interstadial 20 (Zielinsky et al., 1996) .
CONCLUSIONS
Rhyolithic ash layers as much as 3.5 cm thick in two cores from the southern South China Sea were first identified as ash falls from the youngest Toba eruption. The ash layers were deposited at the oxygen isotope stage 4-5 boundary ca. 74 ka, on the basis of benthic and planktonic δ 18 O stratigraphy and the SPECMAP orbital time scale, supplemented by magnetic susceptibility and ultrahigh-resolution color-scan curves for intercore stratigraphic correlation. The age estimated precisely matches the date of the great Toba eruption on Sumatra. Likewise, the chemical composition of dominating high-silica glass shards (78 wt% SiO 2 and alkali averages of 7.6-7.7 wt%) closely resembles the composition of youngest Toba ash layers, but differs significantly from any ash falls originating from the Philippine volcanoes in the east.
The new findings about the dispersal of abundant Toba ash to the east require significantly increased volume estimates of erupted Toba ash and perhaps imply a more extended eruption during summer.
